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Abstract
The observed faint shadow arcs, shifted unidirectionally from primary Fermi arcs, are caused by
lattice distortion from edge dislocations introduced by cleaving the samples.
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Angle-resolved photoemission spectrocopy (ARPES) of nearly optimally doped
La2−xSrxCuO4 (x = 0.15, 0.17) has revealed faint shadow arcs that are duplicates of the
primary Fermi arcs shifted by qa = (pi, 0).
1 No shadow arcs were found, however, shifted
by qb = (0, pi).
1 In the authors’ opinion the observation could point to a new instability
in the system that breaks rotation symmetry.1 Both samples are in the doping range of or-
thorhombic crystal structure (x < 0.21).2 It is therefore surprising that shadow arcs appear
only shifted by qa but not also by qb. The purpose of this letter is to point out a unidirec-
tional influence on the crystals: the cleaving of the samples. This raises the possibility that
the unidirectional shift of the shadow arcs may be caused by sample preparation.
ARPES is a surface-sensitive technique. A freshly cleaved, plane surface is important.
The samples under consideration were cleaved in situ with an on-board sample cleaver,3
presumably in the a-direction (forward motion of the cleaver blade across the ab cleavage
plane in the crystal’s a-direction). The edge thickness of the cleaver blade (D > 1µm)
is at least three orders of magnitude larger than the spacing of the atomic layers of the
La2−xSrxCuO4 crystal perpendicular to the c-direction (∆c < 1nm). The squeeze of the
cleaver blade on the sample, held in place by an anvil, introduces plastic deformations on
the atomic scale, known as dislocations.4–6 Under the present condition these would be edge
dislocations. One such edge dislocation in the CuO2 plane is qualitatively shown in Fig.
1, characterized by its glide line in the a-direction and symmetry line in the b-direction
(horizontal and vertical line, respectively). In order to understand the essential geometry
of an edge dislocation, imagine that below the glide line (b < 0) two (because of charge
neutrality) ion half-rows were removed from the virgin CuO2 plane. Upon relaxation, ion
positions below the glide line and near the symmetry line are more diluted than in a virgin
CuO2 plane. Conversely, they are then denser above the glide line (b > 0). For the symmetry
configuration shown in Fig. 1 alternate Cu2+ and O2− ions reside on the symmetry line for
b > 0 but only O2− ions for b < 0. The opposite holds for the other symmetry configuration
(not shown). Far from the dislocation center (intersection of glide line and symmetry line)
the ion displacements caused by the dislocation become negligible so that ion positions
resemble again the virgin situation. Near the symmetry line the ion half-rows above and
below the glide line are staggered with a displacement of about half a lattice constant,
∆a ≈ a0/2. The staggering and half-row displacement recede with increasing distance from
the symmetry line such that half-rows join smoothly in the far region. There are many
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FIG. 1. Edge dislocation (qualitatively) in the CuO2 plane with (horizontal) glide line and
(vertical) symmetry line. Ion positions are denser and, respectively, more diluted above and
below the glide line. Near the symmetry line ion half-rows above and below the glide line are
staggered by about half a lattice constant, ∆a ≈ a0/2. Far from the symmetry line (here,
off-scale) ion half-rows join smoothly.
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similarities of edge dislocations in the CuO2 plane of a cuprate superconductor with the
more studied case of edge dislocations in binary ionic crystals, such as NaCl.7
Edge dislocations with glide lines solely in the a-direction are introduced by a-directional
squeeze of the cleaver blade on the La2−xSrxCuO4 sample. The explosion (“crack”) of the
cleaving occurs through the release of potential energy from piled-up dislocations. Thereafter
some dislocations remain at, and near the cleaved surface. It is conjectured that lattice
distortion from edge dislocations with a-directional glide lines, introduced by a-directional
cleaving, give rise to the observed qa-shifted weak shadow arcs.
If this conjecture is valid, it would have several consequences:
(A) A sample, cleaved in the a-direction and then rotated about the c-axis by 90◦ in the
ARPES spectrometer, would also show the shadow arcs shifted in the qa-direction (relative
to the crystal) because the edge dislocations introduced by the cleaving will rotate with the
sample. A qa-shift in the rotated sample has actually been observed.
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(B) A sample cleaved in the b-direction would show weak shadow arcs that are exclusively
qb-shifted.
(C) As qa-shifted shadow arcs are observed only near optimal doping (here, x =
0.15, 0.17), their doping dependence needs to be addressed. It can be assumed that plastic
deformability of La2−xSrxCuO4 samples depends on the level of Sr doping into the LaO
layers which corresponds to hole doping in the CuO2 planes, x = p. If the deformability—
and thereby the density of introduced edge dislocations by cleaving—increases with doping,
this would qualitatively explain the onset of qa-shifted shadow arcs, say from very weak at
x = 0.15 to weak at x = 0.17. However, the absence, instead of brighter shadow arcs at
higher doping, confirmed for x ≥ 0.22,1 must then be explained. No full explanation can be
offered here, but a crucial change of circumstances should be pointed out. This is a quan-
tum critical point at x∗0 = 0.182, marking the boundary of the pseudogap phase with the
strange-metal phase at T = 0.8 Accompanying the quantum critical point in La2−xSrxCuO4
is a Lifshitz transition of the Fermi surface from hole-like to electron-like, as observed by
ARPES.9 The (strange) metallicity, with its increased mobility of doped holes in the CuO2
planes, may reduce the density of edge dislocation by lattice healing through reconstructive
ion-row alignment.
(D) The ratio of spectral weight (“brightness”) of shadow arcs to primary Fermi arcs
would correspond to the area ratio of dislocation-distorted regions in the cleaved surface to
4
FIG. 2. Division of an atomic ab plane into square “courts” of edge length W and area
A about centers ⊥ on a square superlattice of lattice constant W . Each court contains a
“swath” of area α. The ⊥ symbols show the average position of dislocation centers. As
a toy model of an edge dislocation with glide line in the a-direction, ion rows are at ideal
positions in the court, but shifted in the swath rigidly in the a-direction by half a lattice
constant of the atomic configuration, ∆a = a0/2. In short, ion half-rows are “staggered” in
the swath by a0/2.
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undistorted regions. The absence of shadow arcs in a sample that is not deformed (by being
not cleaved) is, of course, not observable with the surface-reliant ARPES method. However,
deliberate increase of introduced edge dislocations by more a-directional deformation of the
sample (but below the cleaving threshold), before or after cleaving, should then give rise to
brighter shadow arcs.
(E) Conversely, healing the cleavage surface through thermal annealing or photon irra-
diation would dim the brightness of the shadow arcs. If metallicity reduces the density of
dislocations—a possibility raised in (C)—flooding the sample with free electrons by irradi-
ation with photons of energy beyond the bandgap may achieve the same result.
(F) Plastic deformation of a sample in both the a-direction and b-direction, before or after
cleaving, should give rise to qa-shifted and qb-shifted shadow arcs.
(G) The observed qa = (pi, 0) shift of the shadow arcs should be explainable by the
geometry of edge dislocations. For a derivation we make two approximations:
(i) An average distribution of dislocations such that their centers (⊥) form a square super-
lattice in the ab cleavage plane with edge length W (see Fig. 2).
(ii) A toy model of an edge dislocation, simplified such that all atoms (ions) reside at ideal
lattice positions within a square court of area A about the center of each dislocation (⊥)
except a swath, of width w and area α = wW/2, below the glide line (see Fig. 2) where
ion half-rows are rigidly displaced (“staggered”) in the a-direction by half a lattice constant,
∆a = a0/2. This means that the toy model ignores compression and dilution above and
below the glide line of a real edge dislocation. Instead it focuses exclusively on the a0/2
staggering of ion half-rows, assumed only within the swath and ending abruptly at the
swath-court interface (in contrast to a gradual transition in real edge dislocations).
For the present purpose it suffices to consider in the toy model only one ion species in the
CuO2 plane, say Cu
2+ ions at positions R = (ma0, nb0) (m = ...,−2,−1, 0, 1, 2, ... ; n =
...,−3
2
,−1
2
, 1
2
, 3
2
, ...) in the court, and at staggered positions R = (ma0 + a0/2, nb0) for n < 0
in the swath. By Bloch’s theorem the wavefunction of a crystal electron of momentum
p = h¯k is a plane wave of wavevector k, modulated by periodic atomic wavefunctions uk(r),
Ψk(r) = uk(r) exp(ik · r) . (1)
The wavefunction in a large court, W  a0, differs negligibly from that of an ideal crystal,
Ψk(r). For a large enough swath area the wavefunction ψk(r) in its interior—sufficiently away
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from the discontinuity of the potential at the court-swath interface—will be proportional to
the the wavefunction in the court, but displaced,
ψk(r) ∝ Ψk(r + ∆r) , ∆r = (a0
2
, 0) . (2)
Leaving out the amplitude and factors common to ψk and Ψk—such as uk(r) and exp(ikbb)—
except those relevant to the staggered ∆a displacement, the swath wavefunction is reduced
to
ψk(r) ∝ exp(ikaa0
2
) exp(ikaa) . (3)
Here the first exponential term is a phase factor, holding for all positions a, due to the
displacement of ion half-rows in the swath by half a lattice constant, ∆a = a0/2.
To proceed further we make the ansatz that the wavefunction in the swath can equiv-
alently be expressed through the Bloch wave from non-displaced ion positions—as in the
court—but with a shift of wavevector,
ψk(r) ∝ Ψk+∆k(r) , ∆k = (∆ka, 0) . (4)
Ignoring again common factors but those relevant to the ∆ka shift, this reduces the swath
wavefunction to
ψk(r) ∝ exp(i∆kaa) exp(ikaa) . (5)
Now the first exponential term is a phase factor that holds for all wavenumbers ka.
The value of the wavenumber shift ∆ka is determined by the special case (kˆa, aˆ) = (ka0, a0)
that satisfies both the conditions (3) and (5). It involves the lattice constant of k-space,
ka0 ≡ 2pi/a0, and the lattice constant of the ideal ion configuration, a0,
exp(i
2pi
a0
a0
2
) exp(i
2pi
a0
a0) = e
ipi e0 ≡ exp(i∆kaa0) exp(i2pi
a0
a0) = e
i∆kaa0 e0 . (6)
Equality of the exponent in the second and forth (last) term yields
∆ka =
pi
a0
, (7)
or qa = pi in reciprocal lattice units (rlu).
The plurality of the wavefunctions ψk(r) in the swath thus gives rise to quantum states
(Bloch waves) displaced by half a lattice constant in real (ion configuration) space, ∆a =
a0/2, and displaced in k-space by half a lattice constant of the reciprocal (wavenumber)
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lattice, ∆ka = ka0/2 = pi/a0. The second scenario includes the quantum states of highest
energy that comprise the shadow Fermi arcs, being shifted from the primary Fermi arcs by
qa = (pi, 0), as observed.
(H) With the dislocation toy model, the brightness ratio β/B between shadow arcs and
primary Fermi arcs, qualitatively addressed in (D) and (E), can quantitatively be related to
the court-swath geometry in terms of swath area α = wW/2 and court area A = W 2 − α
(see Fig. 2). This gives the relative brightness of shadow arc and primary arc,
β
B
=
α
A
=
wW/2
W (W − w/2) =
w
2W − w ≈
w
2W
, (8)
in terms of swath width w and court width W .
(I) More generally, the observation of shadow patterns in k-space, by ARPES or other
methods, shifted from primary patterns by half a lattice constant of reciprocal space, may
serve as an indirect probe of edge dislocations in a sample.
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